Summary. Involvement of Clq in retaining immune complexes in germinal centers in rat spleen was studied in vivo and in vitro. Clq production was found in fibroblastic reticulum cells in the peripheral mantle zone, in follicular dendritic cells in germinal centers, and in transitional forms between these two cells in the inner mantle zone. In passively immunized animals, immune complexes were found transiently on fibroblastic reticulum cells, then on the transitional forms and follicular dendritic cells. Extracellular Clq was detected by the presence of immune complexes on both the transitional forms and follicular dendritic cells, but not on fibroblastic reticulum cells. Thus, the fibroblastic reticulum cell appeared to trap immune complexes but not to retain either immune complexes or Clq. The morphology and function of the fibroblastic reticulum cell and the follicular dendritic cell suggest that they belong to the same lineage. Immune complexes were bound in vitro to germinal centers in cryostat spleen sections in the same manner as those retained in vivo. The binding required no complement in the incubation medium and was inhibited by Clq-suppressing factors. The extracellular Clq originating from the follicular cells may therefore play a role in retaining immune complexes in the germinal center.
The retention of antigens in the form of antigen-antibody complexes at the surface of follicular dendritic cells (FDCs; dendritic reticulum cells) is the most prominent immunologic phenomenon in the germinal center of lymphoid follicles (Hanna and Szakal 1968; Nossal and Ada 1971 ; Chen et al. 1978; Mandel et al. 1981) . C3 receptors (Papamichail et al. 1975; Klaus and Humphrey 1977; Romball et al. 1980; Gerdes and Stein 1982; Heinen et al. 1984) and Fc receptors (Herd and Ada 1969; White et al. 1975; Heinen et al. 1985; Radoux et al. 1985) of the FDC have been suggested as possible mediators for retaining immune complexes by the FDC. McManus and Nakane (1981) have found a subcomponent of the first component of complement, Clq, which Send offprint requests to: Matsuyoshi Maeda, Department of Pathology, Hamamatsu University School of Medicine, 3600 Handacho, Hamamatsu 431-31, Japan is another candidate for the mediator. At the same time, they have demonstrated C1 q-producing and -secreting cells in lymphoid follicles, although the cell types have not been defined.
On the other hand, it was demonstrated that immune complexes were also localized in germinal centers after being incubated with spleen cryostat sections (Van Rooijen 1978) . This in vitro trapping in cryostat sections was thought to be representative of the corresponding in vivo trapping (Dijkstra et al. 1983) .
In the present paper, we first studied Clq in the lymphoid follicles in rat spleen in vivo by immunohistochemical methods to define the cell types of Clq-producing cells and to ascertain the role of Clq and Clq-producing cells in retaining ferritin-antiferritin complexes in follicular germinal centers. Subsequently, we analysed in vitro the retention mechanism by applying horseradish peroxidase (HRP)-anti-HRP complexes to cryostat sections of rat spleen.
Materials and methods

Animals
Wistar rats of both sexes weighing 150 to 250 g (Shizuoka Agricultural Cooperative Association for Laboratory Animals, Hamamatsu, Japan) were employed; germinal centers were induced in lymphoid tissues by intravenous injection with 5 • 108 sheep erythrocytes 2 weeks prior to the start of the study (Chen et al. 1978) . The spleens of two or three rats per experiment were studied. The spleens were excised under ether anesthesia and slices were prepared for each examination.
Anti-ClqF(ab')2. Both rat and human Clq have compositional and functional similarities and immunocrossreactivity (Hrffken et al. 1978) , rabbit IgG antihuman Clq (Dakopatts, Glostrup, Denmark) was shown to crossreact with rat Clq by Ouchterlony's double immunodiffusion test and was used in the present study. The F(ab')2 fragments of rabbit IgG antihuman Clq were prepared by pepsin digestion (Grey and Kunkel 1964) and dissolved in PBS.
Immunohistochemistry for C l q
Slices of the spleens were fixed with periodate-lysine-paraformaldehyde (PLP; McLean and Nakane 1974) at 4~ for 6 h. After washing with phosphate-buffered saline (PBS, pH 7.4) containing sucrose, the tissues were embedded in O.C.T. compound (Lab-Tek Division, Miles Laboratories Inc., Naperville Ill., USA) and frozen in dry ice-acetone. Frozen sections of 6 lam thickness were cut on a cryostat and incubated with anti-ClqF(ab')2 at 4 ~ C for 12 h. The sections were rinsed in PBS and incubated with HRP-labeled goat F(ab')2 anti-rabbit F(ab')2 (Cappel Laboratories Inc., Malvern, Pa., USA) at room temperature for 3 h. The sections were then rinsed and again fixed in 2.5% glutaraldehyde for 30 min at 4 ~ C. After being rinsed, the sections were incubated in 0.2 mg/ml 3,Y-diaminobenzidine tetrahydrochloride dissolved in 0.05 M Tris-HC1 buffer containing 0.005% H202 and 0.01 M NaN3 (DAB H20 2 NAN3) for 30 min at room temperature. NaN3 was added to inhibit endogenous peroxidase (Fahimi 1970) .
For light microscopy the sections were examined with or without counterstain.
For electron microscopy the sections were osmicated; they were then dehydrated and embedded in Quetol-812 (Nisshin Co., Tokyo). Ultrathin sections were observed in a JEM-|00CX electron microscope (JEOL, Tokyo). The specificity of immunostaining was examined by using the F(ab')2 fragments of nonspecific rabbit IgG instead of antiClqF(ab')2 and by absorbing anti-Clq with rat Clq purified by the method of Yonemasu and Stroud (1971) .
In vivo localization of immune complexes and Clq in passively immunized rats
Ferritin purified from horse spleen (Granick 1942 ) was used as an antigen. Rats were passively immunized with I ml of pooled isologous antiferritin sera. The pooled antisera precipitated an equal volume of ferritin 200 lag/ml to equivalence. The animals were intravenously injected with 250 lag of ferritin 24 h later and were then killed at 0.5, 5, 24, and 72 h after ferritin injection. The excised spleens were sectioned and fixed in PLP for Clq immunohistochemistry as described above. Small pieces of the spleens were fixed in 2.5% glutaraldehyde and osmicated for routine electron microscopy.
Control spleens from the unimmunized rats were similarly examined.
In vitro localization of immune complexes incubated on cryostat spleen sections
Immune complexes, HRP-anti-HRP complexes and HRPanti-HRPF(ab') 2. New Zealand white rabbits were immunized against horseradish peroxidase (HRP) (Rz=3.4, Toyobo, Osaka, Japan) and the IgG fraction was isolated by Sephadex G 200 (Pharmacia Fine Chemicals, Uppsala, Sweden) gel filtration from 33%-saturated ammonium sulphate precipitates of the antisera. The F(ab')2 fragments were obtained by pepsin digestion of the IgG anti-HRP, as described above. HRP-anti-HRP complexes and HRPanti-HRPF(ab')2 complexes were prepared using the method of Sternberger (1970) . These complexes were dissolved in PBS.
Monomeric IgG. Monomeric IgG was obtained from a 50% ammonium sulphate precipitate of non-immunized rat sera using DEAE cellulose chromatography (Fahey and Terry 1978) and was further purified by Sephacryl S 200 (Pharmacia Fine Chemicals) gel filtration.
Heat-aggregated IgG. The rat monomeric IgG dissolved in PBS was heated at 60~ for 20 rain and centrifuged at 10000 z g. The supernatant was then used as heat-aggregated IgG.
HRP-anti-HRP complex localization in cryostat spleen sections. For light microscopy, fresh 6-lam cryostat sections were mounted on slides and fixed in isopropyl alcohol for 30 s. They were washed in PBS and incubated with HRPanti-HRP complex solution (1:50 diluted) for 30 min at room temperature. After washing in PBS, they were stained for peroxidase by incubating in DAB-HzOz-NaN3.
For electron microscopy, cryostat sections of PLP-fixed (2 h, 4 ~ C) tissues mounted on slides were incubated in HRP-anti-HRP complex solution for 1 h at room temperature. The sections were washed in PBS and pre-incubated in DAB without H202 and NaN3 for 30 min, then incubated in DAB-H202-NaN3 for 30 rain. After being washed again in PBS, they were postfixed in 2.5% glutaraldehyde and 2% OsO~, dehydrated, embedded, sectioned and observed as described above.
Characterization of immune complex localization in cryostat sections. Isopropyl alcohol-fixed serial sections were used. The localization of HRP-anti-HRP complexes was demonstrated by incubation in DAB HzO2-NaN3 and the degree of binding was judged by the density of the reaction product.
(1) Control tests. Sections were incubated in HRP-anti-HRPF(ab')2 solution, HRP solution, or PBS instead of HRP-anti-HRP complex solution.
(2) Eff'ects of heparin on HRP-anti-HRP complex localization. Heparin (Wako, Osaka, Japan) was added to HRPanti-HRP complex solution at a concentration of 0 to 250 U/ml. These solutions were applied to serial sections and the inhibitory effect was examined. (3) Effects of monomeric and heat-aggregated IgG on HRPanti-HRP complex localization. Monomeric IgG or heataggregated IgG was added to HRP-anti-HRP complex solution at a concentration of 0 to 10 mg/ml. These solutions were used as above.
(4) Effects of anti-ClqF(ab')2 treatment on HRP-anti-HRP complex localization. Serial sections were first incubated with anti-ClqF(ab')2 at a concentration of 0 to 5 mg/ml, and then with HRP-anti-HRP complexes; localization of the complexes was then examined.
(5) Effects of heating on HRP-anti-HRP complex localization. Sections were kept at 56~ for 30 rain, after which the localization of HRP-anti-HRP complexes was examined.
Results
Distribution of Clq in spleen white pulp
Light microscopy. Clq was distributed in a reticular pattern in the sectorial area consisting of the outer part of germinal centers and the neighboring inner mantle zone (Fig. 1) . The reticular distribution was diffuse in the former and patchy in the latter. The outer part of the germinal center where Clq was demonstrated corresponded to the light region of the germinal center. Clq was also found in a reticular pattern in the inner part of the primary follicles. Clq was sparsely scattered in the peripheral mantle zone and was not observed in the marginal zone or the periarteriolar lymphatic sheath.
Electron microscopy. In the peripheral mantle zone, Clq was found in the cytoplasm of cells that resembled fibroblasts in having a spindle-shaped contour and organelles with the characteristics of those of fibroblasts (Fig. 2) . The nuclei of these cells were euchromatic and oval with occasional small indentations; the cytoplasm contained poorly to moderately developed endoplasmic reticulum (rER), abundant mitochondria, and microfilaments. These cells occasionally wrapped around reticulin fibers composed of amorphous substances and a few collagen fibers, or were in direct contact with the reticulin fibers. These cells corresponded to the fibroblastic reticulum cells (FRCs) described by Lennert (1978) . Intracellularly, Clq was demonstrated in many of the cisternae of rER.
In the inner mantle zone and the center of the primary lymphoid follicles, Clq was found to be associated with a type of cell that corresponded to transitional forms between typical FRC and FDC; Clq was attached extracellularly at the surface, including the interspaces between the cytoplasmic processes of these cells, between these cells and lymphocytes, and in patches intracellularly in and along the rER (Fig. 3a, b) . The transitional form had narrower cytoplasm and extended more complex slender cytoplasmic processes than did the FRC. Compared with those of the FDC, the cytoplasmic processes of the transitional form were simpler and shorter, and the rER was more developed. Transitional forms occasionally contained microfilaments similar to those of the FRCs.
In the outer part of the germinal centers, Clq was observed at the same sites as those in the inner mantle zone, although Clq-related cells in this part were typical FDCs instead of transitional forms (Fig. 4a, b) . The typical FDC was characterized by long slender cytoplasmic processes forming a web-like structure and by narrow cytoplasm (Fig. 4a) .
Localization of immune complexes and Clq in the rats passively immunized with anti-ferritin
Thirty minutes after ferritin injection, ferritin particles were found localized at the surface of typical FRCs in the peripheral mantle zone. Clq was not observed at the surface of these cells (Fig. 5a, b) . At 5 h after injection, the localization of ferritin began to shift toward the center of the lymphoid follicles. At this time, ferritin appeared in the Clq at the surface of transitional forms. Twenty-four hours after injection ferritin disappeared from the surface of the FRCs and was exclusively distributed at the surface of the transitional forms and FDCs where Clq existed (Fig. 6a, b) , as mentioned above. Seventy-two hours after injection, ferritin still remained at the surface of the transitional forms. Ferritin was also present concomitantly with Clq at the surface of FDCs in the outer part of the germinal centers.
Control rats showed no ferritin in their lymphoid follicles, demonstrating that ferritin was trapped and retained in the form of immune complexes in the immunized animals.
Localization of immune complexes incubated on cryostat spleen sections
Light microscopy. Immune complexes were demonstrated to have the same distribution as that of Clq as observed above; the marginal zone showed no binding of immune complexes (Fig. 7) . This distribution pattern in isopropyl alcohol-fixed sections was also seen in PLP-fixed Quetolembedded sections examined prior to electron microscopy. Electron microscopy. Immune complexes were seen at the surface of FDCs, between the cytoplasmic processes, and in the extracellular space between FDCs and lymphocytes of the germinal center (Fig. 8) .
Characterization of immune complex localization
The results of characterization tests including controls are summarized (Table 1 ). The controls indicate that HRP-anti-HRP complexes are bound via antibody Fc to the germinal centers ( Fig. 9 ) and endogenous peroxidase activity is completely suppressed. The binding of immune complexes to germinal centers is inhibited by pre-heating sections to 56 ~ C for 30 min and proportionately to the concentration of the other Clq-suppressing agents; complete inhibition occurs with heparin at 125 U/ml, with heat-aggregated rat IgG at 2.5mg/ml, and by pre-incubation with antiClq(Fab')2 at 0.004 mg/ml.
Discussion
It is well documented that FDCs retain immune complexes at their surface (Hanna and Szakal 1968; Nossal and Ada 1971 ; Mandel et al. 1981) . C3 receptors (Papamichail et al. 1975; Klaus and Humphrey 1977; Romball etal. 1980; Gerdes and Stein 1982; Heinen et al. 1984) and Fc receptors (Herd and Ada 1969; White et al. 1975; Heinen et al. 1985; Radoux et al. 1985) of the FDC are thought to mediate retention of immune complexes in the germinal center. In addition, Clq as an immune complex binding and precipitating protein (Mfiller-Eberhard and Kunkel 1961 ; Augener et al. 1971 ; Burton et al. 1980 ) is found in germinal centers with an identical distribution pattern to that of the immune complexes retained there (McManus and Nakane 1981).
Our results demonstrate the role of Clq in the intrafollicular retention of immune complexes.
In the present study, we confirm that heterologous HRP-anti-HRP complexes incubated on spleen cryostat sections in vitro and ferritin-antiferritin complexes in vivo are localized at the same sites in the germinal center of the white pulp, i.e. on the surface of FDCs, between their cytoplasmic processes, and in the extracellular space between the FDCs and lymphocytes, as observed in vitro (Dijkstra et al. 1983 ) and in vivo (Hanna and Szakal 1968; Chen et al. 1978; Mandel et al. 1981) . The in vitro binding should not be C3 receptor-mediated because the HRP-anti-HRP complex solution used in this study is serum-free; the characteristics of in vitro binding are as follows. First, HRP-anti-HRP complexes are bound specifically via the Fc portion because binding does not occur when cryostat sections are incubated with HRP alone or with HRP-anti-HRPF(ab')2 complexes. Secondly, the substance that binds HRP-anti-HRP complexes has a high affinity for heat-aggregated IgG and for the complexes, but not for monomeric IgG. Thirdly, the binding of HRP-anti-HRP complexes is inhibited in the presence of heparin, polyanionic molecules that inhibit Clq (Raepple et al. 1976 ), or anti-ClqF(ab')z. Fourthly, the substance that binds HRP-anti-HRP complexes is heat labile. Fifthly, the localization pattern of HRP-anti-HRP complexes in germinal centers is the same as that of Clq demonstrated immunohistochemically by McManus and Nakane (1981) and in the present study. Therefore, the substance that binds HRP-anti-HRP complexes has the same physicochemical properties (MiillerEberhard and Kunkel 1961 ; Augener et al. 1971 ; Raepple et al. 1976; Burton et al. 1980) , antigenicity, and distribution as that of Clq. These results lead us to the conclusion that the immune complex-binding substance in the germinal center is Clq.
Our in vivo experiments show Clq production by FDCs, fibroblastic reticulum cells (FRCs) as described by Lennert et al. (1978) and transitional forms between the FDC and FRC, as indicated by the findings that Clq is present in and along rER in these cells. Extracellularly, Clq exists on transitional forms and FDCs where immune complexes are retained, but not on FRCs. This suggests that the extracellular Clq originates from the Clq-producing cells in the germinal center and that the Clq locally produced is involved in retaining immune complexes in lymphoid follicles. It has been shown (Loos 1983 ) that macrophages synthesiZe Clq which, during the process of secretion, serves as a binding protein in the cell membrane for the Fc portion of IgG. The relationship between Clq production and the Fc-binding ability of macrophages may be analogous to the relationship between Clq production and the retention of immune complexes by FDCs and transitional forms in the present study.
According to previous studies concerning antigen trapping and retention in spleen follicles (Brown et al. 1973; Van Rooijen 1977; Chen et al. 1978) , the antigen in the form of immune complexes first appears in the marginal zone. The immune complexes are then gradually localized at germinal centers and retained there for a long period of time. In the present study, we have confirmed the shift in the localization of immune complexes at the electronmicroscope level using ferritin as an antigen. Ferritin-antiferritin complexes appear on the surface of FRCs in the peripheral mantle zone. After a temporary halt at the surface of typical FRCs in the peripheral mantle zone, ferritinanti-ferritin complexes migrate to follicle centers and stay on transitional forms in the inner mantle zone, and on FDCs in the outer part of the germinal centers until the end of the experiments. Therefore, FRCs trap but do not retain immune complexes, whereas transitional forms and FDCs retain immune complexes. It has been suggested that circulating immune complexes are trapped by marginal zone lymphocytes and transferred by these cells to FDCs in the germinal centers (Brown et al. 1973; Veerman and Van Rooijen 1975; Dijkstra et al. 1983; Enriquez-Rincon et al. 1984; Gray et al. 1984; Humphrey et al. 1984; Heinen et al. 1986; Kroese et al. 1986 ). Although we have not observed this in detail, the lymphocytemediated transfer of immune complexes in lymphoid follicles seems to be probable. Gray et al. (1984) show that C3 is essential for the binding of heat-aggregated human gammaglobulin to marginal zone lymphocytes. Our in vitro results, which show that immune complexes do not bind to the marginal zone, may also indicate the differences in the immune complex-binding mechanism between the marginal zone and the germinal center. FRCs have the ability de novo to trap immune complexes (Dijkstra et al. 1984) and to take up immune complexes from pulsed lymphocytes in vitro (Heinen et al. 1986 ). Therefore, immune complexes trapped by marginal zone lymphocytes may be transferred to the Clq in the germinal center. Although the details of the role of Clq remain to be solved, the route by which immune complexes come to be retained in the germinal center is schematically summarized in Fig. 10 .
The FDC is generally thought to be of non-lymphoid origin. Studies using monoclonal antibodies against human cells show a resemblance of the antigenic profile of FDCs to cells of monocyte/macrophage series (Gerdes et al. 1983) or to a type of nonadherent blood cell (Parwaresch et al. 1983) . Mouse spleen FDCs, however, lack Ia and macrophage markers (Humphrey and Grennan 1982) . In chimeric mice, FDCs express H-2 antigens of the host, whereas all the lymphocytes and most macrophages express donor H-2 antigens. This indicates that FDCs are not derived from bone marrow stem cells (Humphrey et al. 1984) . On the basis of the morphological transition, it has been suggested that FRCs transform into FDCs during the development of germinal centers (Veerman 1975; Kamperdijk et al. 1978 ; Heusermann et al. 1980; Villena et al. 1983) , whereas FRCs and FDCs are derived from a common precursor of local mesenchyme during ontogeny (Miiller-Hermelink etal. 1981) . The use of a monoclonal antibody, which seems to recognize intermediate cells between FRCs and FDCs, has not provided evidence was to wheter the former can mature into the latter (Jeurissen and Dijkstra 1986) . We have observed typical FRCs, transitional forms, and typical FDCs, and have confirmed that Clq is produced by these cells. It is produced by not only these cells but various other cells such as macrophages (Stecher et al. 1967) , fibroblasts (Ai-Adnani and McGee 1976) and intestinal (Colten et al. 1968; Bing et al. 1975 ) and urinary epithelium (Bing et al.) . In view of the possible morphological transition of FRCs to FDCs, however, the production of Clq common to these cells may be not coincidental, but may indicate that they belong to the same lineage.
